Abstract-This paper is concerned with the filtering problem for a class of discrete-time stochastic nonlinear networked control systems with network-induced incomplete measurements. The incomplete measurements include both the multiple random communication delays and random packet losses, which are modeled by a unified stochastic expression in terms of a set of indicator functions that is dependent on certain stochastic variable. The nonlinear functions are assumed to satisfy the sector nonlinearities. The purpose of the addressed filtering problem is to design a linear filter such that the filtering-error dynamics is exponentially mean-square stable. By using the linear-matrix-inequality (LMI) method and delay-dependent technique, sufficient conditions are derived which are dependent on the occurrence probability of both the random communication delays and missing measurement. The filter gain is then characterized by the solution to a set of LMIs. A simulation example is exploited to demonstrate the effectiveness of the proposed design procedures.
I. INTRODUCTION

W
ITH THE increasing application of networks in the complex dynamical processes such as advanced aircraft, spacecraft, automotive, and manufacturing processes, the networked control systems (NCSs) are currently receiving considerable attention in the literature as illustrated by recent articles (see, e.g., [8] , [12] and references therein). Communication delays (or networked-induced delays) and missing measurements (or packet losses) have become unavoidable that constitute the main causes for degrading the achievable performance of the networked systems. Therefore, in the past decade, the filtering and control problems with communication delays and/or missing measurements have been extensively considered by many researchers (see, e.g., [14] , [15] ).
Unfortunately, in most of existing references, the communication delay and the data-missing problems have been studied separately by using different models, despite the fact that both problems are caused by the limited bandwidth of communication networks and may be present simultaneously. Compared to large amount of results for linear deterministic networked systems, the nonlinear Itô-type stochastic NCSs have received much less attention mainly due to the mathematical complexity [11] . On the one hand, Itô-type stochastic systems (also referred to as stochastic systems with multiplicative noise) have come to play an important role in practical applications such as chemistry, biology, ecology, control, and information systems [7] . On the other hand, the sectorlike nonlinearities usually occur in practical systems that experience harsh environments such as uncontrollable elements (e.g., variations in flow rates, temperature, etc.) and aggressive conditions (e.g., corrosion, erosion, fouling, etc.), which give rise to possible performance degradation (see, e.g., [1] , [2] ). It is well known that the filtering problem is one of the fundamental problems in control and signal processing that has attracted renewing research attention following the celebrated Kalman filtering scheme [3] - [7] , [10] , [12] , [14] , [15] . However, to the best of the authors' knowledge, the filtering problem for Itô-type stochastic networked time-delay systems with simultaneous random occurrences of communication delays and missing measurements has not been fully investigated yet, which still remains as a challenging research issue.
In this paper, the filtering problem is addressed for a class of discrete-time stochastic nonlinear networked systems with multiple random communication delays and random packet losses. The communication-delay and packet-loss problems, which are frequently encountered in communication networks with limited digital capacity, are modeled by a stochastic mechanism that combines a certain set of indicator functions dependent on the same stochastic variable. We first derive sufficient conditions dependent on the occurrence probabilities of both the random communication delay and missing measurement, which ensure the desired filtering performance for the networked system. Then, we characterize the filter gain in terms of the solution to a set of linear matrix inequalities (LMIs). A simulation example is exploited to demonstrate the effectiveness of the proposed design procedures.
II. PROBLEM FORMULATION
Consider the following discrete-time stochastic nonlinear NCS with multiple delays in the state: The measurement with random communication delays and random data missing is described as (3) where is the measured output vector. For the indicator functions and , we assume that and , where are known positive scalars and . is a mutually independent stochastic variable sequence used to describe, at time , the occurred delays and data missing of the measured output information.
represents the sector nonlinearity. , , , , , and are constant matrices with appropriate dimensions.
Remark 1: The indicator functions in (3) dependent on a stochastic variable sequence are utilized to describe the two kinds of incomplete measurements (random communication delays and random data missing) simultaneously. That is, if , then no data missing occurs in the system; and if , the data-missing occurrence probability is , where and denote the occurrence probability of the data missing and the communication delay in the networked system, respectively. These two kinds of incomplete measurements are induced by the limited bandwidth of communication networks, and therefore, they should be considered at the same time as done in (3). This model can be regarded as an extension of those adopted in [14] and [15] and has been used to deal with a robust filtering problem for a class of linear deterministic discrete-time NCSs in [3] .
Assumption 1: The nonlinear functions (the th element of ) and (the th element of ) in stochastic system (1)-(3) satisfy the following sector conditions for , ,
which are equivalent to the following matrix inequalities:
where , , , and .
Remark 2:
The sector nonlinearities resulting from the complex environments exist widely in practical systems and often lead to the poor performance of the controlled system. Many researchers have investigated the analysis and synthesis problems for various systems with sectorlike nonlinearities (see [1] , [2] ).
In this paper, we are interested in designing a filter of the following structure: (6) where is the state estimate and and are filter parameters to be determined.
By augmenting the state variables and combining and , we obtain the filtering-error dynamics as follows: (7) where and
It follows from (1), (3), (4), and (7) that (8) where (9) with and . Observe the system (7) and let denote the state trajectory from the initial data on . Obviously, is the trivial solution of system (7), corresponding to the initial data . Definition 1: For the system (7) and every initial conditions , the trivial solution is said to be exponentially mean-square stable if there exist scalars and such that (10) The purpose of this paper is to design a filter of the form (6) for the system (1)- (3) such that, for all admissible random communication time delays, random data missing, and exogenous stochastic disturbances, the filtering-error system (7) is exponentially mean-square stable.
III. MAIN RESULTS
Theorem 1:
Consider the filtering-error system (7) with given filter parameters. If there exist positive-definite matrices , , , , and such that the following matrix inequalities: (11) (12) hold, where (13) then the system (7) is exponentially mean-square stable.
Proof: Recalling (7), we can write (14) where (15) By substituting (14) into (8) (21) with defined in (13) . Again, we can obtain from the expression (3) that, for and .
In addition, from (17), it follows that
From (15) 
and , , , , , , , and are defined in (13) .
By Schur complement, we can obtain from (11) and (12) that , and therefore, there always exists a scalar such that , and subsequently (28) Finally, we can confirm from [15, Lemma 1 ] that the filteringerror systems (7) is exponentially stable.
The following theorem shows that the desired filter parameters can be derived by solving several LMIs. The proof is omitted to keep the paper concise.
Theorem 2: Consider the system (7). If there exist matrices , , ,
, and such that the following LMIs:
(29) (30) hold, where then the system (7) is exponentially mean-square stable. The parameters of the filter are given as follows:
IV. ILLUSTRATIVE EXAMPLE Consider a discrete-time NCS (1)- (3) with initial state and other system data given as follows:
Using MATLAB LMI-control Toolbox to solve (29) and (30), we can calculate the filter parameters as follows:
